This article presents a microcomputer-based ultrasonic temperature sensor system to measure the temperature of air conditioner (AC) in an automobile. It uses the ultrasonic measurement of the changes in speed of sound in the air to determine the temperature of bulk air. The changes in speed of sound are calculated by combining time-of-flight (TOF) and phase shift(PS) techniques. This method can work in a wider range than using phase shift alone and is more accurate than TOF scheme. In the proposed system, we use 40 2 ± kHz ultrasonic transducers and adopt the single-pass 
Introduction
Presently, most of the automobile AC relies on the output of a conventional in-car temperature sensor to function. These sensors usually are located behind the instrument panel, close to the base of the steering wheel. Air is drawn from the passenger compartment into the in-car sensor in which air then passes through a thermistor. Current in-car temperature sensor implementation suffers from response-time lag and drift. This causes control problem during some transient modes and even during steady state conditions.
Automatic control of the air temperature in a vehicle is made difficult both by the unpredictable nature of the cabin thermal environment and because people have different perceptions of thermal comfort. The factors that affect thermal comfort are the environmental variables that affect body heat loss -mainly radiant heat exchange and the distribution of air temperature and velocity around the occupants [1] . Other variables that contribute to thermal comfort include the solar load, the occupants' clothing and the humidity in the passenger compartment.
Sound speed in a gas has been widely explored. However, the propagated sound waves are very sensitive to the changes of the air [2] . Sound propagates at velocity c that can be expressed in terms of other know quantities and illustrated in equation (1) [3] [4] [5] :
where R is the ideal gas constant, T is the absolute temperature (in K), µ is the average molecular weight of the gas molecules. And is the heat capacity of the gas at constant pressure and is the heat capacity of the gas at constant volume. (1), we know c is proportional to T . That is why the techniques of measuring temperature of air on the propagation path by sound speed are widely adopted [6, 7] . The predicted speed of sound in dry air as a function of temperature from equation (1) is shown in figure 1 . A change of air temperature by 1 , for example from 20 to 21 , increases c by a factor of 1.00168. Thus to determine
T to an accuracy of 1 o in dry air, c must be measured with relative accuracy of about 1 .
The theoretical expression for c in equation (1) also shows that c is independent of pressure p at constant temperature. Some exact theories and measurements do find a slight pressure dependence, but it is negligible in real applications [8] .
As shown in figure 1 , the speed of sound depends on humidity. The measured dependence at 20 is shown in figure 2 [9] . An increase in humidity from 0% to 100% will increase c by 1 
Method
The ultrasonic temperature sensor system used by automobile AC is shown in figure 3 . The ultrasonic transmitter is placed on the central ceiling of the automobile while the receiver is located on the instrument panel. The distance between transmitter and receiver is 100 cm. This way the average temperature of bulk air in front of the passengers can be correctly measured.
Transmitter and receiver
The transmitted and received signals are shown in figure 4 . S is the transmitting signal from BFSK. It has two frequencies and as shown in figure 4 (a). 
TOF calculation
In figure 4 , the elapsed time , which is the travel time of the signal from the transmitter to the receiver, can be calculated as where t is the time when transmitted signal changes frequency from to , and t is the time when the corresponding received signal changes frequency from to . The speed of sound can be expressed by
, where d is the distance between transmitter transducer and receiver transducer.
Phase shift detection
The detection of the phase shift is based on the two-frequency continuous wave method of ultrasonic distance measurement [15, 16] . The phase shift of and can be detected by the received signals corresponding to the transmitted signals. Figure 5 shows a continuous wave with frequency and a received signal ( ) with frequency and . Phase shift is the difference in phase between the continuous wave and the received signal at . Phase shift can be calculated as
, where T is the period of the received signal with frequency . Similarly, phase shift is the difference in phase between the continuous wave and the received signal at frequency . The following will calculate the speed of sound by comparing the two phase shifts. Note the distance between transmitter transducer and receiver transducer remains unchanged. 
where is the distance between the two transducers, and are the ultrasonic frequency; n and are integers, and are the phase shifts.
Due to the difference in frequencies, phase shift can be inducted from (2) and (3) as follows:
where , , and .
The integers n have only two possible values: n and n . So the difference of the phase shifts can be defined by the following algorithm:
The 
Temperature calculation
The distance can be expressed as 
and the speed of sound is then
From equation (1) we obtain the temperature as follows:
The above computation algorithm can be conveniently implemented by a digital microprocessor system to detect the air temperature with advantages such as high accuracy and low cost. Figure 7 shows the block diagram of the ultrasonic temperature measurement system which consists of a temperature-controlled chamber, a thermocouple-based thermometer, two acoustic transducers with matching exponential horns, a signal generation system, power amplifier, preamplifier and gain-controlled system, frequency detected system and digital phase meter. A microprocessor controls the operation of the entire system and a PC will examine the measurement result and perform calibration.
System implementation

Hardware
The operations of the hardware system can be divided into 6 parts. Each is explained as follows.
Transmitted signal source
The transmitted pulse is made of sinusoids (40 and 41 kHz). figure 4(a) . The BFSK signal is generated in digital form and delivered to the power amplifier to provide as a 40 kHz ( 12 ± V) 41 kHz ( 12 ± V) source signal to the transmitter transducer.
Preamplifier and gain-controlled amplifier
The bandwidth of the ultrasonic transducers used in our system is narrow. To reduce errors from acoustic attenuation, the gain of the amplifier must dynamically adjust as the frequency of the ultrasound changes. Therefore the error incurred from acoustic attenuation is minimized in the gain-controlled amplifier by keeping the received signal amplitude dynamically constant. A voltage comparator is used to convert the signal into square wave which is then made TTL compatible by a 0-5 v limiter circuit. This TTL compatible square wave is then sent to frequency detector and digital phase meter. 
Frequency detector
Digital phase meter
The block diagram of the digital phase meter is shown in figure 10 . The main function of the phase shift converter (PSC) is to convert the phase shift data into the pulse width with two dividers and one XOR gate. As shown in figure 11 , the function of the PSC follows these steps:
Step 1: The 40 or 41 kHz signals (shown in figure 11(a) ) are divided into 20 or 20.5 kHz as shown in figure 11 (b).
Step 2: The received signals (shown in figure 11(c) ) are then divided by 2 as shown in figure   11 (d).
Step 3: The output of XOR gate, as shown in figure 11 (e), is obtained with the input signals of 20 kHz/20.5 kHz from step 1 and the signals from step 2.
The result of step 3 is the pulse width converted from the phase shift data. A counter based on 80 MHz oscillator is used to count the pulse width. The phase shift φ can be expressed as
is the counted value of the pulse width from the counter, and P is the w P T counted value of a cycle. The range-equivalent resolution of the phase meter is 0.05% of the wavelength for a 40 kHz. Finally, the counter is reset by the microprocessor and ready for the next phase shifting.
89c51 single-chip microprocessor
Our system is controlled by an 89c51 single-chip microprocessor. The functions of the microprocessor include controlling the BFSK signals of the ultrasound, obtaining the digital phase shift data, calculating the TOF and the air temperature and displaying it.
Calibration system
As shown in figure 7 , a chamber with constant temperature inside has an internal fan to maintain the inside air temperature uniform. A thermocouple measures the air temperature inside the chamber. The thermocouple voltage is converted into temperature reading with a Testo 946
thermometer. The accuracy in the specification of this instrument is said to be ± 0.2 . We use an ice-water bath to check the accuracy. The difference from the actual temperature at 0 was + 0.1 within the claimed accuracy. The output of the thermometer is sent to PC used as the standard temperature. Therefore, PC has
∆ of the elapsed time of the ultrasound, phase shift data and the temperature measured by thermocouple. From these data, PC can calculate the errors of the temperature measurement and build up a calibration system.
Software
The algorithm of the software program in the microprocessor can be explicated by the flowchart shown in figure 12 . First, the 89c51 microprocessor will fetch the actual temperature T measured by thermocouple from the PC. Next, it will assign the transmitted signal, adjust the gain- 
, it will display T on the LCD. Otherwise, PC will recalculate according to the temperature data and environmental variables from the calibration system. If the waiting time is longer than 50ms, 89c51 will reassign the transmitted signal. TOF, and are all sent to the PC via RS232 interface of the 89c51.
Experimental results
Ultrasonic experiment
Through the single-pass mode of BFSK signals and continuous waves, we explored the feasibility of measuring air temperature by the speed of sound in our lab. Figure 7 shows the block diagram of the experiment setup for ultrasonic temperature measurement. We use a chamber with constant air temperature to control the temperature. In this temperature-controlled chamber, a transducer is placed at the right top corner. This transmitter transducer will generate ultrasonic pulses of BFSK and continuous waves that will be received by the transducer located at the bottom of the chamber.
To collect data, we first measure the air temperature in the chamber with thermocouple.
Secondly, for three times we record the TOF of the BFSK ultrasonic pulse in the chamber, the and from continuous waves. Then, we measure the air temperature with the thermocouple for the second time. Finally, we compare the average of the three TOF, and measurements with the average of the two thermocouple measurements. Both can represent the air temperature at the same point of time, i.e. halfway through the measurement cycle. From 0 to 80 with 1 o as the interval, we will repeat the measurement and record the data at different temperatures. Using
this measurement system and calculating the speed of sound with equation (7), we can obtain the average temperature of the air on the propagation path. Figure 13 (a) shows the graph of the actual temperature measured by thermocouple, and logs the temperature data calculated by our ultrasonic system, from 0 o to 80 o . The errors are shown in figure 13(b) . The Standard Error of measurement are calculated as follows:
Experimental result
where RP is the temperature of the ultrasonic measurement, PP is the temperature measured by thermocouple, is the number of measurements. The average error is 0. 
